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Abstract. In order to assess the role of submarine ground-
water discharge (SGD) and its impact on the carbonate sys-
tem on the northern South China Sea (NSCS) shelf, we
measured seawater concentrations of four radium isotopes
223,224,226,228Ra along with carbonate system parameters in
June–July, 2008. Complementary groundwater sampling was
conducted in coastal areas in December 2008 and October
2010 to constrain the groundwater end-members. The dis-
tribution of Ra isotopes in the NSCS was largely controlled
by the Pearl River plume and coastal upwelling. Long-lived
Ra isotopes (228Ra and 226Ra) were enriched in the river
plume but low in the offshore surface water and subsur-
face water/upwelling zone. In contrast, short-lived Ra iso-
topes (224Ra and 223Ra) were elevated in the subsurface wa-
ter/upwelling zone as well as in the river plume but depleted
in the offshore surface water. In order to quantify SGD,
we adopted two independent mathematical approaches. Us-
ing a three end-member mixing model with total alkalin-
ity (TAlk) and Ra isotopes, we derived a SGD flux into
the NSCS shelf of 2.3–3.7× 108 m3 day−1. Our second ap-
proach involved a simple mass balance of 228Ra and 226Ra
and resulted in a first order but consistent SGD flux esti-
mate of 2.2–3.7× 108 m3 day−1. These fluxes were equiv-
alent to 12–21 % of the Pearl River discharge, but the source
of the SGD was mostly recirculated seawater. Despite the
relatively small SGD volume flow compared to the river, the
associated material fluxes were substantial given their ele-
vated concentrations of dissolved inorganic solutes. In this
case, dissolved inorganic carbon (DIC) flux through SGD
was 153–347× 109 mol yr−1, or ∼23–53 % of the riverine
DIC export flux. Our estimates of the groundwater-derived
phosphate flux ranged 3–68× 107 mol yr−1, which may be
responsible for new production on the shelf up to 0.3–
6.3 mmol C m−2 d−1. This rate of new production would at
most consume 11 % of the DIC contribution delivered by
SGD. Hence, SGD may play an important role in the car-
bon balance over the NSCS shelf.
1 Introduction
Recent studies have recognized SGD as an important com-
ponent of the hydrological cycle and chemical budgets in
the coastal zone (Swarzenski et al., 2001; Taniguchi et al.,
2002; Burnett et al., 2003; Charette et al., 2003; Moore,
2003; Bokuniewicz et al., 2008). Moore et al. (2008) esti-
mated that the SGD flux to the Atlantic Ocean is similar in
volume to the riverine flux. SGD is often characterized by
high concentrations of nutrients, trace metals and inorganic
carbon as compared with surface water. Inputs of these mate-
rials can have a profound impact on the biogeochemistry and
ecosystem functioning of coastal systems (Moore, 2010a). In
particular, SGD has been shown to be an important nutrient
source to estuaries, salt marshes, oceanic islands, and coral
reefs (Marsh, 1977; Johannes, 1980; Capone and Bautista,
1985; Charette and Buesseler, 2004; Charette, 2007; Santos
et al., 2008; Burnett et al., 2009; Garcia-Solsona et al., 2010;
Kim et al., 2011). As a consequence, studies have suggested a
Published by Copernicus Publications on behalf of the European Geosciences Union.
1778 Q. Liu et al.: How significant is submarine groundwater discharge?
linkage between SGD and coastal eutrophication and harm-
ful algae bloom outbreaks (Hu et al., 2006; Lee and Kim,
2007; Lee et al., 2010). Cai et al. (2003) reported extremely
high partial pressure of CO2 (pCO2) and DIC in coastal
wells along South Carolina, US and they estimated that the
DIC flux associated with SGD to these coastal waters was
comparable to the contribution of nearby river systems.
While it is clear that many coastal systems are impacted
by SGD, its influence on river-dominated ocean margins
(RioMar) is less well known, mainly because material in-
puts from river plumes are substantial and mixing between
different fluid sources is often complex. One of the chal-
lenges is that river plumes very often possess the same geo-
chemical signals as SGD. While studies in the Mississippi,
Atchafalaya, Chao Phraya estuaries, Yellow River delta, and
Changjiang plume using Ra isotopes (Krest et al., 1999;
Moore and Krest, 2004; Dulaiova and Burnett, 2006; Peter-
son et al., 2008a; Gu et al., 2012) have already suggested its
overall importance, quantitative SGD estimates remain diffi-
cult in these systems.
The NSCS is a major river-dominated shelf margin (Dagg
et al., 2008). The strong river plume is generated from the
Pearl River, which is typically transported in summer east-
ward due to the southwestern monsoon (Gan et al., 2009b).
Meanwhile, wind and topographically induced coastal up-
welling (Gan et al., 2009a; Shu et al., 2011a) interacted with
the river plume (Gan et al., 2009b) and shaped much of the
summertime circulation on the NSCS shelf. In the backdrop
of the hydrodynamics is the strong biological production
with the associated nutrient and inorganic carbon consump-
tion (Dai et al., 2008; Cao et al., 2011; Han et al., 2012).
However, we still know little about the role of SGD in the
biogeochemistry of this complex system.
In this paper we examined the SGD based on a high spatial
resolution sampling of Ra radioisotopes and the carbonate
system parameters in summer time in this major river dom-
inated margin system. We adopted two independent mathe-
matical approaches, which resulted in consistent SGD. Based
on these results we estimated the SGD contribution to the
DIC budget in the NSCS relative to the Pearl River. These re-
sults provide insights into the impact of SGD on the carbon
budget on a river-dominated shelf which is also influenced
by coastal upwelling.
2 Materials and methods
2.1 Study area
The NSCS (Fig. 1) is influenced by coastal upwelling in-
duced by the prevailing southwesterly winds and intensified
by the topography of the eastward widened shelf in sum-
mer (Gan et al., 2009a). The Pearl River is the largest river
in southern China with 80 % of its discharge into the South
China Sea (SCS) taking place in the southwestern monsoon
dominated wet season (April–September) (Guo et al., 2008).
The river has three major tributaries (i.e. the West River, the
North River, and the East River) and several small local tribu-
taries. The Pearl River estuary (PRE) has three sub-estuaries:
Lingdingyang, Modaomen and Huangmaohai. This study fo-
cuses on the Lingdingyang, which is traditionally regarded as
the PRE (Guo et al., 2008). After leaving the PRE, the river
plume expands eastward to the NSCS with the wind-induced
upwelling resulting in a widened and thickened buoyant
plume over the shelf in summer (Gan et al., 2009b). The sur-
face sediments across the NSCS continental shelf show grain
size gradations, from gravel inshore to silt offshore. The sed-
iments consist of both terrigenous and biogenous detritus,
as well as small amounts of authigenic minerals (Luo et al.,
1985; Zhang et al., 2003). The region along the shoreline of
the NSCS is composed of thick and widespread Quaternary
deposits (Chen, 2008). The delta plain is formed by thick
sediments of alternating marine and fluvial facies contain-
ing numerous unconfined and confined groundwater aquifers
(Chen, 2008). The aquifer in the littoral plain is a sandy lens
up to 20 m thick, which constitutes the water source to the
coastal residents and fishing ports (Liao et al., 2005; Chen,
2008).
2.2 Sampling and measurements
Our cruise, which was organized under the South China
Sea Coastal Oceanographic Process Experiment (SCOPE),
was carried out from 30 June to 8 July, 2008 (Leg 1) on-
board the R/V Shiyan III. The cruise began from the PRE,
and continued on to the east of Taiwan Shoal in the NSCS,
where water depths and distance offshore ranged from 25 to
350 m and 15 to 180 km, respectively (Fig. 1). Samples used
for this study were collected along seven cross-shelf tran-
sects (designated as 1–7). Large-volume samples (from 50 L
nearshore to 100 L offshore) for Ra isotopes were pumped
from∼5 m below the surface by a submersible pump through
a 1 µm cartridge filter and then into a polypropylene con-
tainer. Subsurface seawater samples were taken by 30 L
Niskin bottles mounted on a Rosette sampler equipped with
a calibrated SBE-19-plus Conductivity-Temperature-Depth
(CTD) recorder (Sea-Bird Co.) that measured water temper-
ature and salinity. Detailed cruise information has been re-
ported in Cao et al. (2011).
In addition to seawater collection from the cruise, we sam-
pled coastal groundwater and spring water along the NSCS
shelf in December 2008 and October 2010 (Fig. 1). Addi-
tional sampling information is provided in the Supplement.
After recording the sample volume, we passed the water
through a column of MnO2 coated acrylic fiber (Mn fiber)
via gravity with a flow rate less than 1 L per minute to quan-
titatively remove Ra (Moore, 1976, 2007).
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Fig. 1. Map of the northern South China Sea with isobaths showing the sampling sites (a) occupied during 30 June–8 July, 2008 and the
sites for groundwater sampling along the coast (b and c). Black dots represent Ra samples in the surface water, the cross-shelf transects are
marked by numbers 1–7. Red check mark and purple star indicate locations of groundwater sampling in December 2008 and October 2010,
respectively.
2.2.1 Measurements of short-lived and long-lived Ra
isotopes
In the laboratory, we washed Mn fiber samples with Ra free
deionized water to remove the sea salts, flushed with com-
pressed air for ∼7 min to adjust to an appropriate moisture
content and then placed it in a Radium Delayed Coincidence
Counter (RaDeCC) system to determine the short-lived ra-
dium isotopes, 223Ra (T1/2 = 11.4 days) and 224Ra (T1/2 = 3.7
days) (Moore and Arnold, 1996; Moore, 2008). This delayed
coincidence system differentiates the alpha particle signals
derived from 219Rn and 220Rn, which are the decay daugh-
ters of 223Ra and 224Ra, respectively (Giffin et al., 1963;
Moore and Arnold, 1996). The associated uncertainties of the
measurements were estimated according to Garcia-Solsona
et al. (2008).
After the measurements of 223Ra and 224Ra, we used two
methods to determine long-lived Ra isotopes. One of the
methods involved recounting the Mn fiber using the RaDeCC
system in ∼6 months after sample collection, which allowed
for ingrowth of 228Th from its precursor, 228Ra (T1/2 = 5.75
years). Upon correction for the decay of 228Th that was
originally coated on the Mn fiber from the initial samples,
we obtained the 228Ra activity as described in Moore et
al. (2008). Our second approach to measure 226Ra and 228Ra
was gamma counting. Except for the groundwater samples
taken in 2010, our Mn fiber samples were leached with
a mixture of 1 mol L−1 hydroxylamine hydrochloride and
hydrogen peroxide solution at 50 ◦C. Radium-228 and 226Ra
(T1/2 = 1600 years) in the solution were co-precipitated with
BaSO4 and the precipitate was sealed in a small counting vial
for 3 weeks prior to the measurement with a well-type germa-
nium detector (ORTEC, GWL-120-15-S). Radium-228 and
226Ra were determined from their daughters 228Ac (peaks
at 911 keV) and 214Pb (peaks at 295 and 352 keV), respec-
tively (Moore, 1984; Moore et al., 1985; Chen et al., 2010).
The errors for the 228Ra and 226Ra measurements were in the
range of 5–26 % (1σ ; based on counting statistics and stan-
dard propagation of errors).
2.2.2 Measurements of major ions, carbonate system
parameters, and inorganic nutrients
Samples for sodium, magnesium, and calcium analyses were
filtered through a 0.45 µm membrane filter and refrigerated.
They were then analyzed on a Dionex ICS-2500 ion chro-
matograph. The detailed description of sampling and mea-
surements of inorganic carbon and nutrients in this cruise
were presented in Cao et al. (2011) and Han et al. (2012), re-
spectively. These chemical parameters in groundwater sam-
ples were measured using the same methods as those for the
estuary and shelf waters.
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3 Results
3.1 Hydrography and hydrochemistry in the NSCS
The basic hydrological information during this cruise was
reported in Shu et al. (2011a, b) and Gan et al. (2009a, b).
In brief, there was continuous rainfall ten days prior to our
cruise in the drainage basin of the Pearl River, resulting in
nearly doubled water discharge as compared to the long term
average in the wet season (Cao et al., 2011). The abundant
river discharge clearly resulted in a large plume spreading
eastward over the shelf as seen from the salinity distribution
(Fig. 2b). A minimum salinity of 26.6 was measured at Site
S105 about 70 km away from the mouth of the PRE. This
plume water also appeared at ∼350 km towards the Taiwan
Shoal over the NSCS shelf, with warm temperatures (27.2–
30.2 ◦C) (Fig. 2a) and low salinities (26.6–33.3) (Fig. 2b), in-
dicating eastward spreading driven by the southwestern mon-
soon. We observed that the shelf regions laced with these
plume waters were characterized by low DIC (Cao et al.,
2011) but high inorganic nitrogen (NO−3 +NO−2 ) and rela-
tively low PO4 and Si (Han et al., 2012), indicating that DIC
was reduced by the enhanced biological consumption caused
by the high nutrients supplied from the Pearl River plume.
In addition to the plume, the study area is characterized
by coastal upwelling as demonstrated by the relatively high
salinity (averaging 33.8) and low temperature (averaging
23.7 ◦C) at the inner shelf stations from Transects 4 to 7
(Fig. 2a and b) (Gan et al., 2010; Shu et al., 2011a). Not
surprisingly, the upwelled water was enriched in DIC, TAlk
(Cao et al., 2011), and nutrients (Han et al., 2012). Note
that the apparent distribution pattern of nutrients and the
carbonate system parameters reflects an interplay of the up-
welled water mixed with nearshore surface water and bio-
logical consumption. While the plume is entrained and trans-
ported by the upwelled water, its buoyancy modulates the
circulation over the shelf. The cross sections of temperature
and salinity along Transect 2 demonstrated that the bottom
cold water (19.2–21.3 ◦C) encroached onto the shelf from
the slope at ∼100 m but it did not outcrop at the surface due
to the stratification induced by the low salinity (25.7–33.3)
Pearl River plume (Fig. 3).
3.2 Ra distributions on the NSCS shelf
3.2.1 Surface distributions of Ra isotopes on the NSCS
shelf
Surface Ra activity showed considerable spatial variations
in the study area (Table 1 and Fig. 2c to f). Radium-
228,226Ra,223Ra, and excess 224Ra ranged from 6.85 to 61.2,
5.15 to 27.9, 0.02 to 1.94, and 0.09 to 44.0 dpm 100 L−1,
respectively. One unique feature of 228Ra distribution in the
NSCS compared with other shelf areas (e.g. Moore, 2000b)
is an increase in activity with distance offshore. This can be
attributed to the eastward dispersal of the high-radium river
plume offshore relative to the coastal upwelling nearshore.
Figure 2e showed relatively low 228Ra activity on the inner
shelf (longitude and latitude ranged from 116.7 to 117.7◦ E,
from 22.9 to 23.5◦ N) in the range of 12.4 to 29.2 dpm
100 L−1, which is mainly controlled by coastal upwelling,
suggesting that bottom/subsurface water with low 228Ra ac-
tivity outcropped to the surface. In contrast, there were
higher 228Ra activities in the Pearl River plume zone, which
matched with the lower salinity (Fig. 2b). The highest 228Ra
of 61.2 dpm 100 L−1 appeared at the station (S106) closest
to the Pearl River’s mouth, corresponding to the low salin-
ity center of the plume (Fig. 2b). Radium-226 in the surface
water of the NSCS followed the same pattern (Fig. 2f), sug-
gesting its distribution is controlled by the same sources and
transport processes.
The distribution of ex 224Ra (excess 224Ra, corrected for
the ingrowth from 228Th) (Fig. 2d) was significantly differ-
ent from those of long-lived Ra isotopes (226Ra and 228Ra).
The presence of the highest ex 224Ra in the coastal upwelling
region suggests a potential subsurface source for this isotope.
In contrast, ex 224Ra in the Pearl River plume was not so ap-
parent (except at S106), likely because the half-life of 224Ra
(T1/2 = 3.7 days) is too short to trace the Pearl River plume
farther off the estuary. Radium-223 (Fig. 2c) was relatively
high in the Pearl River plume, ranging from 0.72 to 1.91 dpm
100 L−1, a likely result of its longer half life (T1/2 = 11.4
days). Like ex 224Ra, high 223Ra (0.72 to 1.51 dpm 100 L−1)
existed in the nearshore coastal upwelling zone (Fig. 2c).
However, it was hard to differentiate the 223Ra from the river
plume and from coastal upwelling since the 223Ra activity
was similar in these two zones (Fig. 2c).
3.2.2 Vertical distributions of Ra isotopes on the NSCS
shelf
To verify the impact of subsurface/bottom water on the dis-
tributions of Ra isotopes in surface waters, we sampled the
water column at stations S201, S702 and S305 (Fig. 1). Fig-
ure 4a shows 226Ra and 228Ra activities at Site S201 de-
creased with depth while ex 224Ra and 223Ra activities in-
creased with depth. These distributions provide strong evi-
dence that upwelling would elevate ex 224Ra and 223Ra but
lower 228Ra and 226Ra activities in surface waters.
To further provide a composite view of which isotopes
tracked what individual processes, we plotted temperature
and salinity with the data of various Ra isotopes superim-
posed on the plot (Fig. 5). Again, short-lived Ra isotopes (ex
224Ra and 223Ra) were enhanced in both the subsurface wa-
ter and river plume, but were reduced in the surface seawater.
In contrast, long-lived Ra isotopes (228Ra and 226Ra) were
enriched in the river plume area, but were low in both the
surface SCS seawater and subsurface water/upwelling zone.
Thus, Ra isotopes will be applied to assess the transport rate
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Fig. 3. Temperature (◦C) and salinity at the cross-shelf transect 2 on the northern South China Sea shelf.
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Table 1. Activities of Ra isotopes at the sampling sites# on the northern South China Sea shelf and in the Pearl River estuary.
Sample Latitude Longitude Salinity ex
224Ra∗ 223Ra 226Ra 228Ra
ID (◦N) (◦E) (dpm 100 L)−1
Northern South China Sea
S105 21.92 115.09 26.6 − − − −
S106 21.80 115.20 29.1 11.39± 0.52 1.13± 0.11 20.18± 1.23 55.55± 2.50
S107 21.65 115.35 32.9 − − − −
S108 21.50 115.51 31.6 − − − −
S109 21.35 115.65 33.8 − − − −
S110 21.22 115.80 33.8 2.86± 0.16 0.03± 0.02 7.59± 0.49 12.74± 1.39
S209 21.51 115.75 33.7 2.62± 0.15 0.07± 0.02 5.15± 0.80 7.10± 0.91
S207 21.84 115.67 33.3 2.92± 0.19 0.06± 0.02 8.22± 0.87 7.96± 1.46
S206 22.00 115.63 33.4 5.11± 0.31 0.53± 0.06 10.46± 1.45 28.17± 3.36
S205 22.15 115.59 30.8 8.61± 0.38 1.05± 0.09 18.40± 2.22 40.20± 3.31
S204 22.30 115.55 30.1 5.09± 0.32 0.73± 0.07 20.95± 1.62 35.00± 4.55
S203 22.40 115.53 28.5 5.25± 0.31 0.97± 0.08 12.66± 1.54 40.31± 2.61
S202 22.50 115.50 30.8 8.17± 0.37 0.91± 0.08 22.84± 2.90 45.10± 4.67
S201 22.58 115.48 29.6 13.26± 0.51 0.96± 0.12 16.49± 1.60 41.25± 2.48
S201–7 m 22.58 115.48 32.1 17.63± 0.95 1.38± 0.18 11.41± 0.75 35.59± 3.26
S201–15 m 22.58 115.48 34.1 25.94± 0.87 1.69± 0.21 8.27± 0.78 27.94± 2.72
S305 22.16 116.18 32.4 7.56± 0.42 0.59± 0.08 11.41± 0.75 35.59± 3.26
S305–10 m 22.16 116.18 33.0 0.27± 0.16 0.12± 0.03 7.61± 0.87 14.39± 1.44
S305–25 m 22.16 116.18 33.8 0.22± 0.12 0.05± 0.02 5.19± 0.72 7.68± 1.21
S305–45 m 22.16 116.18 34.1 1.78± 0.20 0.02± 0.02 8.08± 0.91 5.13± 2.50
S305–60 m 22.16 116.18 34.4 5.06± 0.29 0.22± 0.04 8.93± 1.96 10.2± 3.96
S306 22.00 116.26 33.7 0.25± 0.14 0.03± 0.02 9.37± 1.46 7.43± 3.12
S308 21.70 116.43 33.8 0.31± 0.15 0.03± 0.03 7.87± 0.67 6.85± 1.21
S310 21.41 116.64 33.8 0.01± 0.14 0.02± 0.01 9.11± 0.82 15.30± 1.50
S409 21.80 117.20 33.4 0.09± 0.11 0.03± 0.02 15.36± 1.89 16.00± 2.08
S407 22.10 116.90 33.3 3.76± 0.26 0.94± 0.09 16.33± 0.84 54.62± 2.40
S406 22.25 116.75 32.4 4.51± 0.34 0.74± 0.08 27.88± 2.30 52.66± 3.16
S405 22.35 116.65 32.0 1.24± 0.19 0.42± 0.05 15.14± 1.26 33.62± 2.38
S404 22.45 116.55 30.4 2.93± 0.29 0.72± 0.08 12.75± 1.65 31.08± 4.34
S403 22.55 116.45 32.4 7.81± 0.43 0.89± 0.09 15.72± 1.46 34.64± 3.38
S402 22.65 116.34 32.6 10.31± 0.51 1.37± 0.11 15.66± 3.84 48.08± 5.35
S401 22.75 116.29 33.4 29.15± 1.11 1.51± 0.16 10.14± 1.52 40.06± 4.18
S401–b 22.90 116.67 34.0 10.21± 0.46 0.86± 0.10 6.57± 0.66 16.70± 1.82
S501 23.10 116.90 33.9 19.01± 0.61 1.21± 0.12 16.02± 0.99 −
S503 22.90 117.10 29.5 17.21± 0.42 1.94± 0.15 15.79± 1.01 55.31± 2.73
S504 22.80 117.20 31.6 4.35± 0.31 0.88± 0.10 18.11± 2.55 42.07± 4.37
S505 22.69 117.30 29.4 4.35± 0.31 0.72± 0.08 22.49± 2.47 41.41± 5.16
S506 22.59 117.40 27.1 2.56± 0.27 0.80± 0.08 18.74± 1.44 51.49± 2.61
S508 22.30 117.70 30.9 2.87± 0.27 0.71± 0.09 18.70± 2.18 55.38± 4.07
of the Pearl River plume and the coastal upwelling during
our sampling period (See Sect. 4.1).
3.3 Surface distributions of Ra isotopes in the Pearl
River estuary
The radium versus salinity plots (Fig. 6) revealed that all of
the four Ra isotopes were distributed coherently in surface
waters of the PRE, i.e. with low activities at zero salinity,
followed by an increase with salinity until reaching the high-
est activities at salinities of 2.5–9.0. Ra activities decreased
then toward the lowest values in high salinity seawater. Such
a pattern has been observed in estuaries of other large rivers,
such as the Chao Phraya River and the Mississippi River and
may reflect release of Ra isotopes from particles into solution
upon estuarine mixing (Krest et al., 1999; Moore and Krest,
2004; Dulaiova and Burnett, 2006).
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Table 1. Continued.
Sample Latitude Longitude Salinity ex
224Ra∗ 223Ra 226Ra 228Ra
ID (◦N) (◦E) (dpm 100 L)−1
S605 22.75 117.75 31.3 2.78± 0.28 1.19± 0.09 21.69± 2.55 55.67± 5.41
S604 22.90 117.60 31.0 3.52± 0.31 0.99± 0.09 24.05± 2.62 53.69± 5.08
S603 23.05 117.45 29.4 4.84± 0.27 1.38± 0.10 19.21± 1.93 47.31± 3.32
S602 23.20 117.30 32.2 18.71± 0.28 1.22± 0.15 24.89± 3.37 41.15± 3.43
S601 23.30 117.45 33.6 9.46± 0.29 0.49± 0.05 15.08± 1.85 15.76± 1.89
S701 23.51 117.49 33.8 43.99± 0.94 1.70± 0.19 9.98± 1.53 29.15± 2.45
S702 23.45 117.55 33.9 11.19± 0.46 0.40± 0.07 10.76± 1.60 12.38± 2.91
S702–15 m 23.45 117.55 33.9 6.77± 0.37 0.25± 0.06 8.14± 1.47 16.67± 1.73
S702–35 m 23.45 117.55 33.9 9.89± 0.49 0.30± 0.08 10.65± 1.09 16.05± 2.16
S703 23.35 117.65 33.3 8.88± 0.69 0.32± 0.10 7.79± 0.90 14.92± 1.95
S705 23.10 117.90 31.3 7.01± 0.65 0.35± 0.09 8.13± 1.46 16.66± 1.72
S707 22.80 118.20 32.6 10.85± 0.34 0.57± 0.06 14.40± 1.39 28.75± 1.98
S709 22.51 118.51 29.9 0.19± 0.16 0.35± 0.03 15.94± 1.71 34.96± 2.15
Pearl River estuary
A 21.67 114.05 28.7 4.53± 0.54 0.43± 0.11 14.80± 0.85 35.85± 2.78
B 21.73 113.94 22.8 7.60± 0.92 0.84± 0.60 20.44± 1.28 57.07± 4.93
C 21.96 113.86 14.5 22.77± 1.61 1.73± 0.81 22.76± 1.69 70.62± 4.32
D 22.03 113.86 8.7 34.57± 1.77 2.35± 0.88 29.83± 1.58 75.23± 4.66
E 22.37 113.78 6.2 51.14± 2.51 2.56± 1.09 19.67± 2.11 60.82± 6.83
F 22.44 113.76 2.6 63.31± 4.27 1.35± 0.82 30.74± 1.66 66.19± 3.37
G 22.61 113.71 1.0 39.42± 1.35 0.80± 0.74 23.76± 2.12 48.08± 4.97
H 22.71 113.68 0.4 32.32± 1.87 0.87± 0.88 14.97± 1.44 35.36± 3.70
I 23.11 113.31 0.0 31.80± 1.94 1.38± 0.59 23.60± 2.05 27.59± 7.15
*ex224Ra denotes excess 224Ra, corrected for the ingrowth from 228Th.
# Water column samples for Ra isotopes were collected at stations S201, S305 and S702 and only surface water was collected at the rest of the
stations.
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Fig. 4. Vertical profiles of 226Ra, 228Ra, ex 224Ra (excess 224Ra, corrected for the ingrowth from 228Th), and 223Ra (a) and temperature
and salinity (b) at S201 located nearest to the shore on Transect 2.
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Fig. 5. Temperature-salinity diagrams superimposed with the data of (a) ex 224Ra (excess 224Ra, corrected for the ingrowth from 228Th),
(b) 223Ra, (c) 228Ra, (d) 226Ra, (e) TAlk (total alkalinity). Crosses represent the temperature and salinity data. Circles are the Ra quartet and
TAlk data for samples collected on the northern South China Sea shelf during 30 June–8 July, 2008.
3.4 Ra isotopes and other dissolved constituents in the
NSCS groundwater
We sampled freshwater supply-wells (salinity near nil) and
one saline spring (salinity was 7.2) along the shoreline
in 2008 (Table S1 in the Supplement). In 2010, we col-
lected both fresh (salinity: 0–0.5) and brackish groundwa-
ter (salinity: 8.5–24.3) as pore water within the beach sed-
iments along the NSCS shelf (Table S1 in the Supple-
ment). Briefly, Ra activities were enriched in all of the
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Fig. 6. Plots of (a) ex 224Ra (excess 224Ra, corrected for the ingrowth from 228Th), (b) 223Ra, (c) 228Ra, and (d) 226Ra versus salinity in the
Pearl River estuary, northern South China Sea (NSCS) shelf waters and NSCS subterranean estuary. Solid lines represent the conservative
mixing line between the freshwater end-member of the Pearl River and offshore surface seawater. Dotted lines denote conservative mixing
after the Ra peak with salinity > 9 in the Pearl River estuary. The linear regression equations shown in panels c and d are based on the 228Ra
and 226Ra vs salinity plots at salinity >9.
groundwater samples with an average of 25.0± 1.45 dpm
100 L−1 for 223Ra, 686± 7.12 dpm 100 L−1 for ex 224Ra,
124± 8.45 dpm 100 L−1 for 226Ra, and 413± 10.2 dpm
100 L−1 for 228Ra; all of which were higher relative to
those in the river plume (averaging 0.93± 0.02 dpm 100 L−1,
6.25± 0.09 dpm 100 L−1, 18.2± 0.81 dpm 100 L−1, and
41.6± 0.10 dpm 100 L−1, respectively) and offshore (aver-
aging 0.07± 0.02 dpm 100 L−1, 2.62± 0.15 dpm 100 L−1,
5.15± 0.80 dpm 100 L−1, and 7.10± 0.91 dpm 100 L−1, re-
spectively). Similarly, groundwater has high concentrations
of nutrients, DIC, and TAlk compared with surface wa-
ters. Silicate displayed conservative mixing between a high
groundwater end-member and much lower values in sea-
water. In contrast, NH+4 , PO
3−
4 , DIC, and TAlk showed in-
creases while NO−3 + NO
−
2 showed decreases during the mix-
ing of fresh groundwater with seawater in the coastal aquifer.
Detailed descriptions of the concentrations of the solutes and
their variability can be found in the Supplement.
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4 Discussion
4.1 Water ages derived from 223Ra/228Ra
Water age is defined as the time a water parcel has spent
since entering the estuary/ continental shelf through one of
its boundaries (Charette et al., 2008). It is a key variable in
understanding chemical and biological processes of riverine
plumes and nearshore upwelling and also necessary to deter-
mine the fluxes of SGD and associated terrestrial materials.
This can be estimated via physical methods (Pilson, 1985;
Sanford et al., 1992), numerical models (Das et al., 2000), or
isotopic water mass balances (Kelly and Moran, 2002; Del-
hez et al., 2003; Rasmussen, 2003). Radium isotopes have
been used to estimate the time elapsed since a water parcel
was last in contact with a boundary (Charette et al., 2008;
Peterson et al., 2008b). Here, we used 223Ra/228Ra activity
ratio (AR) to estimate the water age. The normalization to
the long-lived 228Ra was to eliminate the effect of mixing
processes. In theory, 224Ra can be used in place of 223Ra as
long as the water age is shorter than 10 days. However, 224Ra
was depleted in the offshore river plume (See Sect. 3.2.1),
suggesting that 224Ra was not appropriate to trace the Pearl
River plume farther off the estuary due to its short half life
(3.66 days). According to Moore (2000a) and Charette et
al. (2001), the mathematical equation can be represented as:[
ex223Ra
ex228Ra
]
obs
=
[
ex223Ra
ex228Ra
]
i
e−λ223τ (1)
Where, ex represents the measured Ra concentration in ex-
cess of the value in the offshore surface water (0.07 dpm
100 L−1 for 223Ra, 7.10 dpm 100 L−1 for 228Ra);
[
ex223Ra
ex228Ra
]
i
denotes the initial activity ratio of the radium source;[
ex223Ra
ex228Ra
]
obs
designates the activity ratio of water samples in
the study area; λ223 is the decay constant for 223Ra; and τ
is the water age in the system. We neglected the decay of
228Ra since λ228 is much smaller than λ223. In applying this
equation it is assumed that the Ra activity ratio of the end-
member remains constant and activities of 223Ra and 228Ra
are mainly influenced by the dispersal of river plume on the
NSCS shelf. Here, using the mean ex 223Ra/ex 228Ra AR of
0.054 in the Pearl River as an end-member, we obtained a
similar ex 223Ra/ex 228Ra AR of 0.057 in the August 2008
cruise to the PRE (Dai, unpublished data). Another assump-
tion is that there is no additional Ra input after the water par-
cel leaves the coast, which is valid in our case since the river
plume enhanced the stratification and was therefore isolated
from potential sources from the benthic sediments. However,
one exception is the coastal upwelling zone, where the sur-
face water was additionally influenced by subsurface water
mixing, sediment diffusion and resuspension, and SGD with
higher 223Ra/228Ra AR (Fig. 5). For the upwelling zones, we
thus adopted the approach of Moore (2006) which considers
continuous radium additions from sediments or SGD:
τ = [F(
223Ra
228Ra
)−I(
223Ra
228Ra
)]/I(
223Ra
228Ra
)λ223 (2)
Where, F( 223Ra228Ra )is the
223Ra/228Ra activity ratio (AR) in the
input water, I( 223Ra228Ra )is the
223Ra/228Ra AR in the system.
Here, we used the maximum 223Ra/228Ra AR of 0.06 in the
upwelling zone for F( 223Ra228Ra ). It should be noted that using
this activity ratio for the input water might lead to an under-
estimate of the water age. For instance, at Site S701, which
is 13 km offshore, there may exist further nearshore input
with higher 223Ra/228Ra AR. Likely, 224Ra can be used in
place of 223Ra. To avoid the analytical uncertainties caused
by different Ra ratios when estimating the water age, we used
223Ra/228Ra to estimate the water age both in the upwelling
zone and in the river plume area.
Water ages thus determined are, on average, 14.3± 10.2
days on the NSCS shelf, 8.5± 6.7 days for the upwelled wa-
ter, 12.3± 4.6 days for the river plume, and 16.3± 10.3 days
for the NSCS shelf water outside the upwelling zone. The
quoted age uncertainties represent one standard deviation as-
sociated with the spatial variations of the concerned area. Our
evaluated average water age on the NSCS shelf is consistent
with the physical modeling estimation (13.5 days) with the
currents driven by idealized constant wind stress (Jianping
Gan, Hong Kong University of Science and Technology, per-
sonal communication).
4.2 Submarine groundwater discharge
Figure 6 can be used to further examine various Ra sources.
There were distinguishable Ra additions with regard to the
conservative mixing line between the river and seawater end-
members (solid line in Fig. 6). In the PRE, these additions
could be explained by ion exchange with suspended fluvial
particles, diffusion from sediments, and SGD. After salin-
ity driven desorption has run its course within the estuary,
Ra should behave conservatively. Thus, unlike that in the es-
tuary, there was no Ra peak at intermediate salinity on the
NSCS shelf. The radium/salinity relationships also revealed
other Ra sources. Elevated ex 224Ra and 223Ra were present
at high salinity (33.3–34.0) where the influence of coastal
upwelling was strong. Beyond the upwelling zone, excess
223Ra can be contributed by SGD and diffusion from sed-
iments, which was not apparent with ex 224Ra in the shelf
water probably due to faster decay during mixing. Alterna-
tively, we believed that long-lived Ra isotopes could be un-
ambiguous tracers of SGD in the NSCS mainly due to their
long half-lives and proportionally less diffusion from sedi-
ments. Moreover, given that Ra was enriched in groundwater
relative to the river plume and seawater, and Ra behaved con-
servatively after entering the marine water, we were able to
use Ra isotopes as tracers to estimate the SGD flux, which is
further discussed as follows.
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4.2.1 SGD flux derived from a three end-member
mixing model on the NSCS shelf
By definition SGD includes meteoric water from land
drainage and seawater that exchanges with the coastal aquifer
(Burnett et al., 2003). Since the composition of these two
SGD components was unknown and we had a limited num-
ber of groundwater samples, it was difficult to determine the
average salinity of the SGD end-member. Our parallel study
(Cao et al., 2011) have indicated that regional salinity nor-
malized alkalinity is constant both in the river plume and
the coastal upwelling zone, suggesting that alkalinity in the
shelf water is conservative and is mainly controlled by phys-
ical mixing. Note that being conservative here refers to the
absence of biogeochemical modification of alkalinity along
the salinity gradient rather than that alkalinity is controlled
solely by the mixing between seawater and river water. We
identified four potential end-members contributing to alka-
linity and radium isotopes in the NSCS surface water: the
Pearl River plume, offshore surface SCS water, SGD, and
offshore subsurface water. The source for the upwelled wa-
ter is defined as the offshore subsurface water sourced from
∼150 m with a high salinity of 34.5, a potential tempera-
ture of 17 ◦C (Cao et al., 2011), Here we took 228Ra activ-
ity (5.52± 0.94 dpm 100 L−1) and 226Ra (5.82± 0.63 dpm
100 L−1) at 150 m depth from a cruise conducted in April,
2009 (Weifang Chen, unpublished data) as the offshore sub-
surface end-member. This water mass had end-member val-
ues of 228Ra, 226Ra, and TAlk very similar to the offshore
surface water as illustrated in Fig. 7a and b. This suggests
that we can neglect the contribution of long-lived Ra and
TAlk to surface water from upward diffusion and advection.
Additionally, in our focused zone (mixed layer) excluding
the nearshore upwelling area, the offshore surface water con-
tributes 77 % of the mass while the offshore subsurface water
only contributes 1.5 % to the shelf water based on the con-
servation of potential temperature and salinity (Cao et al.,
2011; Han et al., 2012). This suggests once again that the
subsurface water contribution is insignificant as compared to
the offshore surface water. Finally, it was clear that from the
TAlk versus long-lived Ra plots (Fig. 7), only very few data
points fell on the two end-member mixing line between the
river plume and the offshore surface water. Instead, most of
the surface water samples were influenced by a third source
characterized by high 228Ra, 226Ra, and TAlk, which we in-
fer to be SGD. Therefore, a three end-member mixing model
was established as follows to estimate the SGD flux to the
NSCS shelf excluding the upwelling zone.
fS + fP + fGW = 1 (3)
iRaSfS + iRaPfP + iRaGWfGW = iRaM (4)
TAlkSfS +TAlkPfP +TAlkGWfGW = TAlkM (5)
Where the subscripts S, P, and GW refer to the oceanic,
Pearl River plume, and surficial groundwater end-members,
respectively. The subscript M represents the measured val-
ues for individual samples, the parameter f is fraction of
water derived from the three end-members, the superscript
i is 226 or 228, Ra is Ra isotope activity (dpm 100 L−1)
and TAlk is total alkalinity (mmol m−3). Radium-226 and
228Ra decay is negligible on the time scale of mixing pro-
cesses in the study region. In this model, the biggest un-
certainty rested with Ra for the groundwater end-member,
because we lacked brackish groundwater Ra samples in
2008. The 228Ra activity in groundwater collected in 2008
and 2010 ranged from 30.2–872 dpm 100 L−1(Table S1 in
the Supplement). Here we took the average of all the high
228Ra (>400 dpm 100 L−1) samples in 2008 and 2010 as the
groundwater end-member. Note that such a practice may un-
derestimate SGD (See Sect. 4.2.3). For 226Ra, the average of
124± 11 dpm 100 L−1 in 2008 was used as the groundwater
end-member since we did not measure 226Ra for groundwa-
ter in 2010. For TAlk, we took the average from all ground-
water (4020 mmol m−3) sampled in 2008 and 2010 as the
end-member value. The values of TAlk, 226Ra, and 228Ra for
the three end-members were listed in Table 2.
The model results were shown in Fig. 8. The groundwa-
ter fraction in the NSCS (fGW ) fell in the range of 0 to
5 % (mean 1.5± 1.6 %) based on the 228Ra/TAlk relationship
and 0–9.7 % (mean 2.5± 2.6 %) using the 226Ra/TAlk rela-
tionship. The Pearl River plume contribution to shelf waters
spanned from nil to 83 %, with an average of 38 %.
We also calculated the volumetric discharge rate of SGD
(m3 d−1) on the NSCS shelf using the formula:
SGD=fGW ×VSW/τ (6)
Where VSW is the water volume above the mixed layer
in the study region (m3) and τ is the radium-derived wa-
ter age (days). Using 245 km3 for VSW and 16.3± 10.3
days for τ , as derived from the 223Ra/228Ra AR age
model, the SGD fluxes from the 228Ra-TAlk and 226Ra-TAlk
mixing models were calculated to be 2.3± 2.8× 108 and
3.7± 4.6× 108 m3 d−1, respectively.
4.2.2 Radium mass balance approach for estimating
SGD
Our second approach to quantify the SGD fluxes is based on
Ra mass balance, which has been frequently used (Charette et
al., 2008 and reference therein), as illustrated in Fig. 9. Under
steady state, Ra inventory is sustained by constant supply of
Ra from all sources, which can be expressed as follows:
InventoryiRa
τ
= [FRiv × iRaRiv] (7)
+[ASed × iRaSed] + [SGD× iRaGw] + [ν× iRaUw ×AUw]
where, the left term is the total Ra input (or output) flux, and
the right terms represent various Ra sources including the
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Fig. 7. Total alkalinity (TAlk) versus 228Ra (a) and 226Ra (b) in the surface water of the northern South China Sea excluding the nearshore
upwelling zone. Surface water samples were taken from 30 June–8 July, 2008. Subsurface end-member values for 228Ra and 226Ra activity
were based on the measurements at 150 m depth in the same region from a cruise conducted in April, 2009. Also shown are the individual
end-member values for the three end-member mixing model (c and d). The average groundwater (GW) end-member values for 228Ra
and 226Ra were sampled in December 2008 and October 2010, respectively. Red circles represent the surface data, and the error bars are
associated analytical errors. Black circles represent end-member values for river plume, offshore subsurface water, offshore surface water,
and average GW, where the error bars reflect the spatial variation (± 1σ).
Table 2. End-member values used for 226Ra-TAlk and 228Ra-TAlk three end-member mixing model to estimate submarine groundwater
discharge flux to the northern South China Sea.
End-members 226Ra 228Ra TAlk
(dpm 100 L−1) (dpm 100 L−1) (mmol m−3)
Offshore surface water 5.15± 0.80 7.10± 0.92 2272
Pearl River plume 20.68± 0.90 62.29± 1.01 1966
Groundwater 124.02± 10.57 531.8± 15.2 4020
contributions from dissolved Ra and release from suspended
particles in the Pearl River water, benthic diffusional flux,
SGD, and coastal upwelling input. Since SGD is the only
unknown in Eq. (7), it can be calculated. We considered two
scenarios in this box model calculation: with and without up-
welling. Summarized in Table 4 are the definitions, values
and units of the terms involved in the box model.
The discharge rate of the Pearl River was the sum of the
average discharge rates of the three tributaries one week prior
to the sampling. For the SGD calculation, we only estimated
the groundwater input along the coastline but excluded the
SGD from PRE. Both 228Ra and 226Ra were approximately
conservative at salinity >9 in the PRE (Fig. 6c and d), and
thus we used the Ra functions with salinity (equations shown
in Fig. 6c and d) to obtain the effective Ra activities at the
river end-members of nil salinity which allowed for an es-
timate of Ra fluxes delivered by the Pearl River both in the
dissolved form and those released from suspended particles.
Two surface sediment samples taken near S201 were mainly
composed of different sizes of sands and small amounts of
silts, which are consistent with sediment type reported for the
NSCS (Hiroshi and Emery, 1961; Luo et al., 1985; Zhang et
al., 2003). We did not perform sediment incubation experi-
ments to directly measure the diffusive Ra flux, but instead
took the average from the globally available regeneration rate
of 0.45 and 25 dpm m−2 day−1 for 226Ra and 228Ra (Krest et
al., 1999; Hancock et al., 2000; Charette et al., 2001; Han-
cock et al., 2006), respectively. The reported average ac-
tivities for 226Ra, 228Ra, and 228Th in NSCS surface sedi-
ments are 1.66± 0.08, 2.70± 0.35, 2.52± 0.36 dpm g−1, re-
spectively (Liu et al., 2001). As these activities are typical of
the other studies cited above, we are confident that the po-
tential diffusive Ra fluxes are small. We calculated the vol-
ume subject to upwelling by multiplying the surface area
with the water depth of the upwelling zone. The 228Ra and
226Ra activities at 150 m depth from a cruise conducted in
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Fig. 8. Ternary diagram illustrating simulated percentage contributions from submarine groundwater discharge (SGD), offshore surface water,
and Pearl River plume for surface water of the northern South China Sea for the period 30 June–8 July, 2008 using a three end-member mixing
model based on 228Ra and total alkalinity (TAlk), and 226Ra-TAlk.
Table 3. Submarine groundwater discharge (SGD) estimated based on a three end-member mixing model and Ra mass balance in the northern
South China Sea. Also shown are the sensitivity analysis and error sources with different methods.
Method SGD Error Source Uncertainty (%)
107m 3 d−1
Ra groundwater 3.6–3.8*
Three 228Ra and TAlk 23± 28 end-member river plume 6.3–7.1*
end-member offshore 1.3–3.1*
mixing model 226Ra and TAlk 37± 46 TAlk groundwater 6.0–7.5*
end-member river plume 59.5–72.5*
offshore 59.6–75.2*
228Ra with upwelling 34± 58 groundwater 4.8*
Ra river plume 15.5–44.1*
Ra Mass 226Ra with upwelling 37± 46 end-member offshore 19.3–27.6*
upwelling 3.6–4.1*
Balance 228Ra without upwelling 22± 43 Mixed layer depth 0.1–2.7 (depth changes 1 m)
Water age 20.6–25.9 (varying 1 day)
226Ra without upwelling 33± 53 Upwelling rate 4.0*
* represents 5 % variation with each error source.
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Table 4. Definitions and values used for 226Ra and 228Ra mass balance to estimate submarine groundwater discharge flux to the northern
South China Sea.
Definition 226Ra 228Ra Unit
RaRiv Ra end-member in the Pearl River estuary 34.7± 1.58 95.7± 4.66 dpm 100 L−1
RaGw Average activity of Ra in the groundwater 124.0± 10.57 531.8± 15.21 dpm 100 L−1
RaOff Ra activity in the offshore surface water 5.15± 0.80 7.10± 0.92 dpm 100 L−1
τ Water age 16± 10
∗
days14± 10#
FRiv Discharge of the Pearl River 1.76×109 m3 d−1
ASed Surface area of benthic sediment 3.08×1010 m2
RaSed Diffusive benthic flux of Ra 0.45 25 dpm m−2 d−1
H Mixed layer depth 5–30 m
RaUw Average activity of Ra in the subsurface offshore water 5.82± 0.63 5.52± 0.94 dpm 100 L−1
AUw Surface area of the upwelling zone 1.99× 109 m2
v Upwelling rate 1.7 m d−1
* represents no upwelling; # denotes with upwelling.
Fig. 9. Schematic of a mass balance box model of long-lived Ra iso-
topes (228Ra and 226Ra) on the northern South China Sea shelf cov-
ering the seven cross-shelf transects (see Fig. 1) extending 308 km
alongshore, 100 km offshore, with mixed layer depths from 5 to
30 m. Sources of Ra include Pearl River, benthic input, coastal up-
welling and submarine groundwater discharge (SGD).
April, 2009 (Weifang Chen, unpublished data) were used as
the end-member values for the offshore subsurface water.
In our Ra inventory estimation, we did not take into ac-
count the whole water column but only used a single sur-
face sample to represent the whole mixed layer because not
enough bottom samples were collected. During our cruise,
the water column was well stratified from the underlying
waters influenced by the strong river plume. This stratifica-
tion would limit the impact of the offshore groundwater (if
any) on the surface seawater. Therefore, in this study we pri-
marily focused on nearshore groundwater. Excess Ra was
obtained by subtracting the values in the offshore surface
water (5.15± 0.80 dpm 100 L−1 for 226Ra, 7.10± 0.92 dpm
100 L−1for 228Ra) from the measured activity on the NSCS
shelf. Following Moore (2007) for the southeastern U.S. con-
tinental shelf, we derived excess Ra inventory normalized to
shoreline length (dpm km−1) for transects from 2 to 7 in the
zones with and without upwelling. Then, the excess Ra in-
ventory (dpm) was determined from the average Ra inventory
in two adjacent transects multiplied by the length of coastal
line between the two transects. These inventories were sum-
marized to yield total excess Ra inventory in the NSCS.
Table 5 summarized all the sources that contribute to the
total 226Ra and 228Ra in the NSCS, among which, dissolved
Ra plus Ra desorbed from suspended particles from Pearl
River accounted for 37–59 % of the total Ra flux, which was
comparable to the SGD contribution of 32–41 %. This was
in contrast to non river-dominated marginal systems where
input from SGD dominates the total Ra flux in the coastal
ocean (e.g. Moore et al., 2007).
Our estimated SGD fluxes without upwelling were
2.2× 108 and 3.3× 108 m3 d−1 based on the mass bal-
ance of 228Ra and 226Ra, respectively. With the upwelling
zone included, we calculated slightly higher SGD fluxes of
3.4× 108 and 3.7× 108 m3 d−1 based on 228Ra and 226Ra,
respectively.
4.2.3 Comparison of the two methods for estimating
SGD
Comparing these two approaches, we obtained average SGD
fluxes of 3.0± 2.7× 108 m3 d−1 and 2.8± 3.4× 108 m3 d−1
(excluding the nearshore upwelling zone) via the Ra-TAlk
three end-member mixing model and Ra mass balance
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Table 5. Fractional contributions of various sources to the total 226Ra and 228Ra flux into the northern South China Sea shelf.
Method River Sediment Groundwater Upwelling
Dissolved Ra + suspended particles release
228Ra Mass Balance (NU) 46 % 21 % 32 % −
226Ra Mass Balance (NU) 59 % 1 % 40 % −
228Ra Mass Balance (WU) 37 % 18 % 41 % 4 %
226Ra Mass Balance (WU) 48 % 1 % 35 % 16 %
NU represents no upwelling; WU denotes with upwelling.
model, respectively. The good agreement between these two
independent methods gives us confidence that our estimated
SGD fluxes are well grounded. The SGD fluxes for the
308 km NSCS coastline ranged from 3.4–3.7× 108 m3 d−1
when the upwelling zone was included (Table 3). When
scaled to the coastline length, the SGD rate was 1104–
1201 m3 m−1 d−1. Our values were comparable to those
from some other regional-scale studies, such as the South
Atlantic Bight (5.5–6.2× 108 m3 d−1; Moore, 2010b) and
Sicily/Mediterranean (1000 m3 m−1 d−1; Moore, 2006).
The three end-member mixing model was very sensitive
to the end-member of river plume and offshore surface wa-
ter values. For example, a 5 % decrease in TAlk can change
the SGD flux by 59.5–75.2 % (Table 3). We have reported
in Cao et al. (2011) that TAlk of these two end-members
was relatively constant with only a 0.95–1.75 % variation.
The most variable end-members were TAlk and Ra in coastal
groundwaters. However, our model was much less sensitive
to changes in this term (6.0–7.5 % SGD change with 5 %
end-member variation). The higher the TAlk/Ra end-member
for groundwater, the lower the SGD flux would be obtained.
TAlk in groundwater had a large spatial variation, ranging
from 381 to 9009 µmol L−1 (Table S1 in the Supplement).
However, the SGD flux would change by 61 % with the usage
of the maximum TAlk compared with the average, a change
that is within the bounds of the error estimation of the model.
Notably, the re-estimated SGD would not change within un-
certainties even when the groundwater Ra end-member was
increased by 300 %, which already covered the spatial varia-
tion of Ra end-member values used in the three end-member
mixing model.
Uncertainty analysis exhibited that the Ra mass balance
was highly sensitive to the water age (Table 3). A variation
of 1 day would cause a change of 21–26 % in the SGD flux.
It should be noted that the average water age in our study
area has a standard deviation of ∼10 days, which could pro-
duce one order of magnitude change in SGD flux estimations.
However, much of this variability is likely natural, as water
age is expected to vary with distance from the coastline, and
given the scale of our model domain we do not feel that this
is a major source of uncertainties in our SGD estimates. The
uncertainty from benthic flux was small for 226Ra due to its
long half-life, but it might be significant for the 228Ra model.
As presented in Table 5, the 228Ra flux from benthic diffusion
contributed 21 % and 18 % of total 228Ra flux in our model
without and with upwelling, respectively. Given that these
estimates are obtained from the literature and applied to our
study, the 226Ra balance model should be considered to be
more reliable than the 228Ra model in this regard. Though
our upwelling-derived Ra flux was not well constrained, our
Ra box model was not sensitive to this Ra source. For ex-
ample, a 5 % change in Ra can only change the SGD flux
by 3.6–4.1 % (Table 3). Like the three end-member mixing
model, the uncertainty from the Ra activity in groundwater
was small (4.8 % SGD flux change with 5 % end-member
variation). Other error sources, such as Ra end-members in
the offshore surface water and the river plume, are relatively
easy to determine.
In general, Ra is usually enriched in brackish groundwater
relative to fresh groundwater (Mulligan and Charette, 2006)
due to cation exchange processes (Li et al., 1977). For exam-
ple, 228Ra activities increase 100-fold when fresh groundwa-
ter mixes with seawater in the subterranean estuary (Moore
et al., 2008). However, in some cases, high Ra activities in
fresh groundwater have also been reported (Moore, 2003;
Charette and Buesseler, 2004). High 228Ra activity existed
in fresh groundwater in 2008, concurrently with our cruise,
and in brackish groundwater in 2010, suggesting that our Ra-
derived SGD flux represented the total SGD flux of fresh and
brackish groundwater. The average net annual groundwater
recharge rate is 1–1.8× 107 m3 day−1 into the groundwater
system along the shoreline of our study site from 1956 to
2000 (Liao et al., 2005; Chen, 2008), which is only 3–8 % of
our estimated SGD. Our data therefore suggest that most of
the SGD came from recirculated seawater.
4.3 SGD-induced nutrient and DIC fluxes on the NSCS
shelf
The nutrient fluxes contributed from saline SGD can be cal-
culated by multiplying the Ra-derived SGD flux by the nu-
trient concentration difference between saline groundwater
and seawater. There existed large spatial variations in nu-
trient concentrations in the saline groundwater (Table S1
in the Supplement), ranging from 57.4 to 579 µmol L−1,
with an average of 256 µmol L−1 for dissolved inorganic
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nitrogen (DIN), and from 0.12 to 19 µmol L−1, with an
average of 6.4 µmol L−1 for dissolved PO3−4 . In the fol-
lowing calculation, we used the average and minimum
nutrient concentrations in the groundwater as end-members.
We estimated nutrient inputs to the NSCS from SGD of
8–28× 109 mol yr−1 for DIN and 3–68× 107 mol yr−1 for
PO3−4 . These were equivalent to 10–36 %, 3–75 % of the in-
puts of the Pearl River for DIN and PO3−4 , respectively, dur-
ing the sampling period.
DIC concentration ranged from 2.9 to 8.7 mmol L−1, and
the mean value was 5.1 mmol L−1 in the saline groundwa-
ter. TAlk ranged from 2.7 to 9.0 mmol L−1 with an average
of 5.2 mmol L−1 in the saline groundwater. Using the same
approach as for nutrients, we obtained a SGD contribution
to the NSCS shelf of 153–347× 109 mol yr−1 for DIC and
127–319× 109 mol yr−1 for TAlk, which represented 23–
53 % and 20–51 % of the riverine DIC and TAlk fluxes, re-
spectively. Our estimate is similar to the DIC flux to the
South Atlantic Bight by groundwater flow into salt marshes,
where the average DIC concentration is 5 mmol L−1, and
SGD delivered DIC flux is 235× 109 mol yr−1 (Cai et al.,
2003). For smaller (local)-scale sites where groundwater-
surface water DIC fluxes have been quantified, the average
DIC is 16 mmol L−1 in the groundwater, SGD-derived DIC
is 0.5× 109 mol yr−1 in the Okatee estuary (Moore et al.,
2006).
Once released to surface water, SGD-derived DIC could
be consumed by biological production stimulated by the nu-
trients supplied from groundwater. The net effect on the
inorganic carbon budget in the coastal ocean from SGD
will therefore be modulated by a balance between these
two processes. Biological productivity in the Pearl River
plume over the NSCS shelf is characterized by P limita-
tion (Han et al., 2012). Based on the Redfield Ratio, SGD-
derived P may be responsible for a new production up to 0.3–
6.3 mmol C m−2 d−1. This rate of new production would at
most reduce the DIC flux by 3–72× 109 mol C yr−1, which
was 11 % of the SGD-driven DIC flux. If we assume that the
water volume of the mixed layer is 311 km3 and the average
water age is 14.3 days, then SGD inputs could support DIC
and TAlk increases of 19–44 µmol L−1 and 16–40 µmol L−1
on the NSCS shelf, respectively. Since water column DIC
concentrations could also be affected by gas exchange, these
values represent the upper limits. Nevertheless, we conclude
that SGD in our system is a net source of DIC and TAlk and
it likely plays a significant role in the carbonate system over
the NSCS shelf.
5 Conclusions
This study demonstrated that SGD can be a significant source
of inorganic carbon to a RioMar shelf subject to abun-
dant freshwater input from large rivers. The complex hy-
drogeologic regime in these systems requires multiple trac-
ers in order to differentiate the multiple source terms in-
cluding surface and groundwater inputs as well as subsur-
face water via upwelling. To this end, our study highlights
the feasibility of using radium isotopes combined with TAlk
to estimate SGD fluxes. The independent approaches we
adopted based on three end-member mixing and mass bal-
ance have revealed consistent estimates for SGD, which
were 2.3–3.7× 108 m3 day−1 and 2.2–3.7× 108 m3 day−1,
respectively. These fluxes were equivalent to 12–21 % of the
Pearl River discharge in summer, 2008.
We estimate that DIC flux carried by SGD represents 23–
53 % of the DIC contributions from the Pearl River. To our
knowledge, this is the first evaluation of SGD flux and its
impact on the budget of coastal inorganic carbon in a river-
dominated marginal system. Such an export of DIC from the
groundwater may have significant impact on the carbonate
system over the shelf. We also note that, since SGD also car-
ries nutrients, the net effect of this DIC flux on the seawa-
ter DIC balance may be reduced. The interplay between the
DIC and nutrient discharges will therefore depend on the hy-
drographic setting and the groundwater sources as well as
the biogeochemical reactions taking place in the subsurface.
Constraint of such end-members and their biogeochemical
reactivity within coastal aquifers remains a big challenge for
studying SGD. Despite these uncertainties, however, we con-
tend that SGD-associated carbon fluxes cannot be neglected
in regional and global carbon budgets.
Supplementary material related to this article is
available online at: http://www.biogeosciences.net/9/
1777/2012/bg-9-1777-2012-supplement.pdf.
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